Objective: Two international benchmarks assess whether the mining and processing of ores containing naturally Occurring Radioactive Material (nORM) require management under radiological regulations set by local jurisdictions. First, the 1 Bq/g benchmark for radionuclide head of chain activity concentration determines whether materials may be excluded from radiological regulation. second, processes may be exempted from radiological regulation where occupational above-background exposures for members of the workforce do not exceed 1 msv/year. This is also the upper-limit of exposure prescribed for members of the public. Methods: Positional monitoring was undertaken to increase the accuracy of natural background levels required for correction of occupational exposures. This is important in view of the small increments in exposure that occur in bauxite mining, alumina refining and residue operations relative to natural background. Positional monitoring was also undertaken to assess the potential for exposure in operating locations. Personal monitoring was undertaken to characterise exposures in similar exposure groups (segs). The monitoring was undertaken over 12 months, to provide annual average assessments of above-background doses, thereby reducing temporal variations, especially for radon exposures. The monitoring program concentrated on gamma and radon exposures, rather than gross alpha exposures, as past studies have shown that gross alpha exposures from inhalable dust for most of the workforce are small in comparison to combined gamma and radon exposures.
Background
There are two significant international benchmarks for assessing whether the mining and processing of NORM requires management under radiological regulations set by local jurisdictions, according to guidance on NORM exposure impacts published by the ICRP (2007), the IAEA (1996 IAEA ( , 2004 IAEA ( & 2006 and, in Australia, ARPANSA (2005, 2006 & 2011a) . First, the 1 Bq/g benchmark for activity concentration is applied to the 232 Th and 238 U decay chains and to 40 K in order to determine whether the materials may be excluded from radiological regulation; and, second, mining and mineral processing may be exempted on the basis that occupational above-background exposures for members of the workforce do not exceed 1 mSv/year which, importantly, is the upper-limit of exposure prescribed for members of the public. The activity concentration benchmark is applied to the head of each chain. The two benchmarks are not applied rigidly, noting that a 'graded' approach to regulation is recommended (IAEA, 2006; ARPANSA, 2008) .
Assessments of occupational above-background radiological exposures from NORM present in bauxite ore treated by the Bayer Process have been made by Alcoa over 25-plus years for its Western Australian operations, through a succession of short-term (ca. weeks) monitoring projects. The projects have involved determination of (i) the activity concentrations of mined bauxite and residue materials, and (ii) external dose (gamma radiation) and internal dose (gross alpha, radon and thoron inhalation) components for the workforce and for members of the public in the vicinity of operational boundaries. Determination of the natural background contributions to the external and internal doses has been used to estimate the above-background incremental doses attributed to mining, processing and residue management. The evaluations made in the various project studies demonstrated that members of the Alcoa workforce are not subjected to occupational above-background exposures of 1 mSv/year which is the upper-limit for exposure prescribed for members of the public. These studies have resulted in Alcoa gaining exemptions from radiological regulatory requirements in Western Australia, subject to demonstrating protection optimisation according to the ALARA principle.
Recent developments in radiological guidance for NORM handling and the associated changes in regulations which have been introduced or are anticipated, led to a review by Alcoa of the body of information which had been accumulated through project studies. On this basis it was decided to (i) further improve the quality of assessments by conducting a 12-month study in order to average out short term effects (notably for radon exposure and gross alpha inhalation from dust); and (ii) devote more attention to the determination of natural background corrections than in earlier work, given that the differences between background and process derived radiation exposure are relatively small. On this basis, Alcoa has developed a NORM Quality Assurance System (NQAS), based on guidance on NORM exposure impacts which had been published by the ICRP (2007), the IAEA (1996 IAEA ( , 2004 IAEA ( & 2006 and ARPANSA (2005, 2008 & 2011b) . Publication of the Australian National Directory on Radiation Protection (NDRP) in 2004, and its republication in 2011 with amendments which include exemption provisions for bulk materials (ARPANSA, 2011b) , has provided guidance on the radiological management of NORM materials for Australian jurisdictions. Specifically, the ARPANSA safety guide Management of Naturally Occurring Radioactive Material (NORM) (ARPANSA, 2008) guided Alcoa in developing the NQAS. The regulation of NORM in Australia has been reviewed by Jeffries et al. (2011) .
An evaluation of above-background, occupational radiological doses for mining, processing and residue management has been conducted during 2008/2009 as part of the NQAS in order to assess compliance with the NDRP framework for managing bulk NORM. Whole-of-year assessments were designed to provide annual average data for testing compliance, noting that earlier Alcoa studies had involved assessments for shorter periods. Mining and Processing Overview Figure 1 shows the principal steps in mining and then processing of bauxite by the Bayer Process to produce smelter grade alumina and specialty aluminas. Smelter grade alumina is the feedstock for the production of aluminium metal. The natural radioactivity present in the ore, associated with the thorium, uranium and potassium content, transfers almost entirely to the solid residue stream. The residue comprises a mud residue stream to which most of the bauxite radioactivity transfers and a lower-activity sand residue stream. The bauxite ore, Bayer process materials prior to precipitation, mud residue and sand residue are therefore of radiological interest, whereas the alumina product is not (ARPANSA, 2008 -Annex 2. Management of NORM in the Bauxite/Aluminium Industry).
Potential radiological impacts from mining and processing are mainly due to the radiation associated with radionuclides 232 Th and 238 U and their decay products, and there is a relatively small, essentially negligible, contribution to radiation dose estimates from 40 K in the bauxite. The approximate K chemical concentration of 0.2 wt % in bauxite ore corresponds to a K-40 activity of 0.062 Bq/g which converts to an annual effective dose of 0.005 mSv for 1920 hours exposure (UNSCEAR, 1977) .
From the earlier project studies (O'Connor, 2004) , the following potential impacts determined the dose assessment strategies -
• External dose from gamma emission in ore mining and handling, from solids during the Bayer process and from mud residue.
• Internal dose from inhalation of radon progeny formed from radon gas released from solids in mining and in the various processing stages, through to residue management and storage.
• Internal dose from inhalation of process dust, due to gross alpha exposure, but only in situations where TWA dust concentrations are relatively high (in excess of 1,000 µg/m 3 )
• Dose contributions during maintenance, notably during the de-scaling of tanks upstream of precipitation. It is worth noting that respiratory protection is mandatory for de-scaling tasks.
Based on extensive work conducted in prior investigations (O'Connor, 2004) , the contribution from thoron progeny inhalation is minor compared with that from radon progeny (typically less than 1/6 th of the dose). Accordingly, thoron-based dose was discounted in the present study.
Radiological Study Locations
The locations of the two mine sites and three processing operations are shown in Figure 2 . The mine sites are on the Darling Range whereas the processing operations are on the Swan Coastal Plain. Variations in the underlying geology (Yeates & King, 1975) result in significant site-to-site variations in thorium and uranium concentrations, and therefore the natural background radiation levels which have been taken into account in this study. Based on the background gamma levels reported in 
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NQAS radiological assessment system
The NQAS has been designed to form part of the Alcoa Occupational Health and Safety Management System (HSMS), and the NQAS assessments are to be incorporated in the HSMS Hygenius Database System. The monitoring data comprise positional (static) monitoring evaluations and personal monitoring data. The personal monitoring data are acquired for relevant Similar Exposure Groups (SEGs). The NQAS assesses compliance with the exemption provisions set by the two regulators in the WA jurisdiction:
• The principal documents which have been consulted in developing the system and accompanying monitoring plan are:
1. IAEA (1996, 2004, 2006) 2. ARPANSA (2005, 2008, 2010) 3. DOCEP (2007) It is noted for clarification that the DOCEP document guidance was originally published by the WA Government's Department of Consumer and Employment Protection, and is now administered by the WA Department of Mines and Petroleum.
Radiation monitoring procedures
Assessments were conducted for three periods from September 2008 to August 2009. Gamma and radon monitoring was performed with passive monitors supplied by Landauer Australasia. The monitors were sourced from Landauer laboratories in the United States, and then returned to the laboratories for post-exposure assessment. The following monitors were used for both personal and positional assessments:
• Gamma -optically stimulated luminescence (OSL) monitor (Environmental OSL Monitor), type EX9, which has a minimum reportable dose of 1 µSv. These were used for both positional and personal monitoring.
• Radon -alpha track (Radtrak Type DRNM, high sensitivity type) monitor, which has a minimum reportable radon concentration of 222 Bq/m 3 -day, providing a minimum reportable radon progeny dose of 0.02 mSv/year for a notional four-month monitoring period. The monitors were fitted with a thoron filter to provide radon-only assessments.
The monitor 'gold seal' was removed to uncover the 'breathing' holes when each positional and personal monitor was deployed. At the end of the monitoring period, the monitor was re-sealed.
For personal monitoring, the gamma and radon monitors were worn on the chest. The monitors were stored in the user's locker during non-work periods. For positional monitoring, the radon monitors were held in well-ventilated Landauer protective canisters, mounted on posts or existing structures at a height of 1.5 m, and the gamma monitors were attached to the posts or structures. Gamma control monitors were placed (i) at near-boundary locations for each of the 5 sites and (ii) in some personal lockers, to provide corrections for the combined effects of monitor travel and natural background. Additional gamma monitors were placed in lead castles to provide natural background levels corrected for travel. The lead castles were situated in OH&S offices at the Kwinana, Pinjarra, Wagerup, Huntly and Willowdale sites. Radon control monitors were placed at near-boundary locations for each of the 5 sites.
Gross alpha monitoring was conducted using (i) PM 10 HVAS (High Volume Air Samplers) from the Alcoa dust sampling network and (ii) PAS (Personal Air Samplers). Sampling was carried out in accordance with Australian Standards 3580.9.6 and 3640 respectively. PVC filters with a pore size of 0.8 µm were used for sampling. The HVAS measurements in the 2009 study were used for near-plant natural background determinations, and were supplemented with others from Alcoa's extensive holding of archived filters. The measurement period for the HVAS background assessments was 14 days continuous collection for mining and 24 hours for the refineries.
Some personal sampling was conducted during April -July 2009 for a group of six drillers working in the Huntly area who constituted a SEG with relatively high dust exposure. Gross alpha counting of the filters was outsourced to Calytrix Consulting (Principal, N Tsurikov). Calytrix was provided with HVAS filters of diameter 47 mm (cut from the HVAS filter) and inhalable personal sampler filters of diameter 25 mm. Before counting, filters were stored for a minimum of 7 days, prior to being read for alpha counts, in well ventilated containers to facilitate equilibration with the atmosphere, to allow for the decay of radon and its progeny. Long counting times were employed to provide adequate counting statistics -15 hours for both blank filters and for study filters.
SEGs were selected, based on the results of earlier studies, to encompass the range of above-background doses expected according to location and task assignments. Importantly, these included examining SEGs working in proximity to bulk process materials, in bauxite mining, processing and management of residue materials. Table 1 summarises the monitoring locations and SEGs examined in the study. The numbers in the table are the positions and SEGs for which pairs of gamma and radon progeny assessments were finally reported with annual average data. Some additional monitors which were deployed could not be reported due to damage or loss of monitors at Alcoa or in transit to Landauer, as well as technical problems in processing the monitors at Landauer. The personal assessments for Kwinana and Wagerup are not reported as the control monitor corrections were considered to be unreliable.
The background measurement points were selected according to the criteria: (1) the underlying soil should be similar to that for the corresponding operational site; and (2) the sensitivity of the background sites to environmental conditions (wind, rain, etc) should be similar to those for relevant operational sites.
The determination of natural background corrections to convert operational dose assessments to above-background dose increments is very challenging for NORM assessments of bauxite mining and processing as the above-background increments are comparable with the background levels. This comparability requires, on statistical grounds, the devotion of substantial resources to background definition, to the extent that the amount of monitoring devoted to background assessments should be comparable with that for operational monitoring. Gamma and radon background monitoring was conducted with passive monitors, with a sub-set of the passive gamma monitoring being validated using a hand-held gamma monitor (type Mini-Monitor 6-80 fitted with a G-M tube and calibrated against a standard 137 Cs gamma source) provided by the Radiation Health Branch, WA Department of Health. Gross alpha background monitoring was performed by gross alpha counting of HVAS dust filters from Alcoa's extensive dust monitor network.
Dose assessment methodology
The procedures used to convert exposures to dose assessments were consistent with DOCEP (2007) and with the more recent ARPANSA Safety Guide 9.1 (ARPANSA, 2011a) which is a companion guide to ARPANSA (2005).
Gamma
The above-background exposure rate for a positional or personal monitor is given by -
where E mon γ and E ctl γ are the exposures in mGy for the monitors and for a set of control monitors situated at near-background locations respectively, with the sampling time for each monitoring period being t mon hours. Background exposure rates were determined from the background monitors using additional 'travel' control monitors stored in lead castles at each of the 5 operational locations. The travel control monitors were used to correct the background results for exposure during the transportation of the monitors to the Alcoa operational sites from, and then back to, the issuing laboratory.
The corresponding gamma above-background annual occupational effective dose approximates closely to - 
where the standard hours worked per year t annual work is assumed to be 1920, and f is the occupancy fraction, i.e. the fraction of the year for which the monitored worker is assumed to be present in that situation (ARPANSA, 2011a).
Radon Progeny
The radon gas exposure in Bq/m 3 -days, recorded over the monitoring period, is the product of the mean radon gas concentration C Rn in Bq/m 3 and the period in days. The temporal average was converted to the radon progeny above-background annual occupational dose using -
Assuming (i) an inhalation rate of 1.2 m 3 /h and (ii) an equilibrium factor of 0.8 for radon progeny which allows for some disequilibrium between the radon parent and progeny. The equilibrium factor was determined from a comparison of radon and radon progeny concentrations for residue area air. This is also the value reported by UNSCEAR (1993), Annex B, for outdoor air.
Gross Alpha
The gross alpha activity inhaled per year is estimated from dust filtration sampling using (i) the alpha activity in Bq of the material on an air filter, (ii) the volume of air passing through the filter for the sampling period, (iii) the duration of the air sampling period, and (iv) the assumed inhalation volume/year.
Two procedures have been used in the study -(i) direct measurement of filter gross alpha activity for filters and (ii) simulation of the filter alpha activity from the level of dust on the filter.
The gross alpha activity inhaled per annum, in Bq/ year, from direct measurement is - The conversion of gross alpha activity inhaled per year (Bq/year) to annual lung dose (mSv/year) is calculated according to the dose conversion factor DCF in mSv/Bq α . In this study, a DCF = 0.0070 has been adopted for bauxitic dust of composition typifying the bauxites considered in the study, i.e. for an assumed Th/U w/w ratio of 10:1. The DCF values for inhalation of thorium and uranium ore (0.0080 and 0.0035 mSv/Bq α respectively, for a default AMAD of 5μm) were taken from DOCEP (2007) -section NORM-5 'Radiation Dose Assessment', Tables C4 and C9. The gross alpha DCFs are consistent with the conversion factors for radionuclides in Table A2 of ARPANSA (2011a).
The alternative indirect method involves computation of the alpha activity from the level of alpha-emitting dust on the filter, as follows. 228 Ra was present in all solids at approx. 50% of the assumed equilibrium level. On this basis secular equilibrium conditions were assumed in the calculations for simplicity.
The dust levels of 100, 1,000 and 5,000 µg/m 3 in Table 2 relate to the range of airborne dust concentrations for residue areas from personal monitoring (using PAS samplers) determined in earlier Alcoa studies, 160 -1,670 µg/m 3 , which allowing for occupancy translated to dust inhalation dose components which were all less than 0.1 mSv/year. On this basis, and taking into account the supporting modelling data in Table 2 and further PAS measurements in the 2008/2009 study (Table 7) , the upper limit for the gross alpha component has been set conservatively at 0.2 mSv/year for the current study, specifically for the small fraction of personnel with relatively high annual average dust exposures -in excess of 1,000 µg/m 3 . Table 3 shows the chemical concentrations of ores and process solids for the minesites and refineries examined in the study, with details of the sites being explained in the following sub-section. The data for head of chain activity concentrations underline the need to conduct monitoring in that some of the materials exceed 1 Bq/g and thus would not automatically qualify for exclusion under radiological regulations for mining and mineral processing.
ResulTs
Activity Concentrations of Bauxite Ores and Residues
It is instructive in relation to natural background levels to compare the bauxite activity data with published data for the Darling Range. Alach et al. (1996) quote a range of 
Natural background levels
The mean background values applied in correcting the monitoring data are given in Table 4 .
The gamma background exposure rates for Kwinana, Pinjarra and Wagerup (0.06, 0.10 and 0.14 µGy/h, respectively) compare with the 'coastal plain average' values of 0.068 and 0.070 µGy/h reported by Yeates & King (1975) and Toussaint (1985) , respectively, in studies of gamma rates for the Swan Coastal Plain and Darling Range. The slightly higher set of gamma rates for Huntly and Table 3 . Assumed occupancy = 100%. Table 4 represent the doses received just by being present in the workplace during normal working hours, as distinct from undertaking any particular task (48 weeks of 40 hours per week = 1920 hours per year). The ranges in background occupational gamma and radon progeny doses for the locations are 0.12 -0.29 and 0.12 -0.26 mSv/year, respectively -assuming full occupancy, based on 1920 hours exposure per year. The contribution from gross alpha inhalation is small. The total background occupational dose ranges from 0.25 -0.55 mSv/year. In order to place the occupational background in the context of general public exposure, the corresponding range in general public exposure would be 1.1 -2.5 mSv/year for continuous exposure over 8760 hours which compares well with the worldwide background average of 2.4 mSv/year (UNSCEAR, 2000 -Annex B), noting that the global average is dominated by external gamma radiation, radon progeny inhalation and cosmic radiation and therefore is a suitable benchmark for the NQAS study. The gross alpha background doses were essentially negligible compared with the gamma and radon progeny components. This is a consequence of the low levels of background dust levels.
Positional monitoring assessments
The annual average data were determined by averaging the assessments determined for each of the three monitoring periods. A upper-limit, above-background gross alpha component of 0.2 mSv/year has been assigned conservatively to all positional estimates of above-background dose. Table 5 summarises the dose assessments.. These assume, conservatively, 100% occupancy factors on the basis that a positional incremental dose would only apply to an individual working in that location on a permanent basis. The uncertainties in the above-background doses are ±0.20 mSv/year for both gamma and radon exposure, and ±0.25 mSv/ year for the sum of gamma and radon. These estimates reflect the statistical spread of values for each location, with the seemingly large errors being due to the variability in natural background for the set of background monitors at each site. In assessing the incremental dose estimates reported here, attention should be given to the maximum doses estimated in the five positional categories: Huntly Positional, Willowdale Positional, Kwinana Positional, Pinjarra Positional and Wagerup Positional. The maximum value for each set of values should be benchmarked against the 1 mSv/year limit which is the critical metric, rather than the average dose in each category.
Monitoring for the mining areas focused on the three pit types (clearing pits, mine pits and rehabilitation pits) and also on ore crushing. The clearing pits result from the removal of top soil and overburden prior to the excavation of the mine pits to remove cap rock and friable bauxite. Post-mining, the pits are rehabilitated in a process which includes returning the top soil and overburden to the pit.
All annual average incremental dose assessments are at or below the 1 mSv/year limit, even with allowance for an additional gross alpha component. The maximum value observed, including the conservatively set gross alpha component, was 0.85 mSv/year. Note. 'Gamma' is the estimated external effective dose; 'Radon' and 'Gross Alpha' are the internal committed effective doses; and 'Total' is the sum of the three quantities. Downloaded from https://academic.oup.com/annweh/article-abstract/57/1/63/211823 by guest on 10 February 2019
The Huntly position with the highest composite dose is a mine pit for which the composite dose (including gross alpha) was 0.52 mSv/year. The composite doses for Willowdale are slightly higher than those for Huntly which reflect differences in Th and U levels for the mining operations. The Willowdale location with the highest composite dose level is a rehabilitation pit for which the annual average above-background dose (including gross alpha) was 0.85 mSv/year. The next highest Willowdale value is 0.79 mSv/year for a clearing pit. However, when realistic occupancy factors are taken into account, pits exposures would be substantially less than these estimates.
The levels of potential exposure for the Kwinana, Pinjarra and Wagerup plants and residue storage operations are similar to the assessments for the mine pits and for ore crushing, but are discernibly lower than the clearing and rehabilitation pit assessments The positional monitoring potential doses are based on an assumed exposure of 1920 hours per year, corresponding to 100% occupancy. The results represent the highest combined gamma and radon progeny doses recorded at any of the locations sampled. The 'total' values include the conservatively assumed upper-limit gross alpha committed effective dose component of 0.2 mSv/year. These values are therefore upper-limit values. The estimated uncertainty due to spatial variation in background for both gamma and radon is ±0.20mSv/year and for the sum of gamma and radon is ±0.25 mSv/year. Downloaded from https://academic.oup.com/annweh/article-abstract/57/1/63/211823 by guest on 10 February 2019
at Willowdale. All Kwinana, Pinjarra, Wagerup and Huntly positional assessments were less than or equal to 0.54 mSv/year when the gross alpha component is included. The positional monitoring potential doses are based on an assumed exposure of 1920 hours per year, corresponding to 100% occupancy. The results represent the highest combined gamma and radon progeny doses recorded at any of the locations sampled. The 'total' values include the conservatively assumed upper-limit gross alpha committed effective dose component of 0.2 mSv/year. These values are therefore upper-limit values. The estimated uncertainty due to spatial variation in background for both gamma and radon is ±0.20mSv/year and for the sum of gamma and radon is ±0.25 mSv/year.
Personal monitoring assessments
The 2008/2009 NORM personal monitoring data and associated incremental dose assessments for gamma and radon progeny are summarised in Table 6 . The annual average data were determined by averaging the assessments determined for each of the three monitoring periods.
Additional gross alpha assessments were made for a group of six exploration drillers at the Huntly minesite. These are summarised in Table 7 . It is noted that these assessments were made for a SEG exposed to relatively high dust levels, viz. 300 -2,200 μg/m 3 time-weighted average. The gross alpha incremental doses are in the range 0.05 -0.11 mSv/year, based on a conservative assumption that the exposure would apply for 1920 hours per year. The assessment is consistent with the assumed upper-limit of 0.2 mSv/ year for the gross alpha component.
The maximum value for each set of values should be benchmarked against the 1 mSv/year limit which is the critical metric, rather than the average dose in each category. While the SEG assessments should take into account the SEG occupancy factors, the personal dose data presented here conservatively assume an occupancy factor of 100%. The mining personal results are consistent with the positional data.
The following aspects of above-background personal dose assessments are noted.
• As for the positional assessments, it is evident from the personal results that there is ready compliance with the 1 mSv/year limit.
• All above-background personal dose assessments are no higher than 0.89 mSv/year including the assigned upper-limit of 0.2 mSv/year for gross alpha exposure.
• For the mining operations there are three Willowdale SEGs with assessments in the range <0.71 -0.89 mSv/year, including the gross alpha increment. These are the SEGsSurveyor/ore grader Drill and blast crew Production operator
• For the Pinjarra processing and residue operations the SEG assessments are in the range 0.19 -0.62 mSv/year. This is consistent with pre-NQAS assessments.
The 'total' values include the conservatively assumed upper-limit gross alpha committed effective dose component of 0.2 mSv/year. The estimated uncertainty due to spatial variation in background for both gamma and radon is ±0.20 mSv/year and for the sum of gamma and radon is ±0.25 mSv/year.
DisCussiOn AnD COnClusiOns
An evaluation of above-background, occupational radiological doses for bauxite mining, processing and residue management has been conducted during 2008/2009 as part of the Alcoa NORM Quality Assurance System (NQAS) which builds on the extensive experience gained by Alcoa in studying process related radiological impacts since the 1980s. Development of the system has been aided by guidance on NORM exposure impacts published in recent years by the ICRP, the IAEA and ARPANSA. The NQAS has been developed specifically in response to the implementation of the Australian National Directory on Radiation Protection (NDRP).
Evaluations conducted by Alcoa over more than 25 years, through a succession of monitoring projects have shown that the occupational above-background exposures for members of the Alcoa workforce are less than 1 mSv/year which is the upper-limit for exposure prescribed by members of the public. Assessments made for 2008/2009 under the NQAS have led to improvements in quality, as follows:
• Monitoring for the first time over a 12-month period, to provide annual average assessments of above-background doses. In particular, this has improved assessment quality by averaging out temporal variation effects, notably for radon exposure measurements.
• Determining more precisely the natural background levels required for correction of occupational exposures to give above-background values. This aspect of NORM assessments is critically important in view of the very small increments in exposures for bauxite mining in Alcoa's Western Australian operations relative to the natural backgrounds.
• Conducting detailed assessments of mining operations, whereas past project studies have focussed mainly on processing and residue management.
The monitoring program has concentrated on the measurement of gamma and radon exposures, rather than gross alpha data, as past studies have shown that the combined gamma and radon exposures substantially exceed gross alpha doses from dust inhalation for the large fraction of the workforce exposed to near-background dust levels. Some attention has been devoted to staff exposed to relatively high dust levels. The results from the 2008/2009 survey have shown, as also concluded from past studies, that the above-background occupational doses do not exceed the 1 mSv/year benchmark. The maximum above-background doses observed from personal monitoring are approximately 0.89 mSv/year which includes (i) a conservatively assigned component of 0.2 mSv/year, (ii) conservative assumptions on occupancy levels being 100%. The results for personal monitoring were consistent with the positional monitoring.
The results show that Alcoa operations would readily qualify for exemption from the NDRP exemption provisions for bulk NORM (ARPANSA, 2011b).
Total annual doses can now be calculated for employees working at these facilities and living in Coastal Plain or Darling Range communities. Comparisons can therefore be made with people who both work and live in these same communities. For example:
• A typical Pinjarra refinery employee has a combined background and incremental exposure of about 0.8 mSv/year obtained over 1920 hours.
• The annual dose in Coastal Plain communities is about 1.1 mSv/year obtained over 8760 hours.
• The annual dose in Darling Range communities is about 2.1 mSv/year obtained over 8760 hours.
• A typical Pinjarra refinery employee living in a Coastal Plain community would therefore have a total annual dose of 0.8 + (6840/8760 x 1.1) = 1.7 mSv/year
• A typical Pinjarra refinery employee living in a Darling Range community would therefore have a total annual dose of 0.8 + (6840/8760 x 2.1) = 2.4 mSv/year Therefore the total annual dose of a typical Pinjarra refinery employee living either on the coast or in the Darling Range is comparable with that of people who both work and live in these same communities. These total annual doses are also similar to or less than the worldwide background average of 2.4mSv/year (UNSCEAR, 2000 -Annex B).
The following recommendations are made for future assessments under the NQAS. These are:
1. The emphasis in future NORM assessments should be on monitoring the U and Th levels in bauxite ore and residue with particular reference to the mining of new ore bodies. In the event that the activity measurements indicate a substantial increase in activities compared with activities recorded in previous studies, an appropriate assessment program should then be conducted under the NQAS. 2. For SEGs in which the dust levels are relatively high (nominally 1,000 μg/m 3 or higher, annual average), there should be further assessments of personal doses involving (i) gross alpha monitoring assessments using PAS dust filters and (ii) passive monitoring for gamma and radon progeny components. 3. For prospective mining areas, a pre-operational survey should be conducted to define the background levels for gamma, radon and gross alpha.
To the best of our knowledge this paper is the first in the peer reviewed literature to systematically evaluate NORM exposures in bauxite mining and alumina refining. The results will be of interest to bauxite mines and alumina refineries around the world. The extent to which the results can be generalised will depend primarily on the activity levels of bauxite ores, mud residues and sand residues at other operations. Given that the processes involved in bauxite mining and alumina refining are generally quite similar from one operation to the next and that the positional and personal dose results were conservatively based on an assumed exposure of 1920 hours per year, differences in exposures due to differing jobs/tasks or working hours at other operations are likely to be less important than differences in activity levels.
The general approach to assessing NORM exposures is also likely to be of interest to other minerals industries, many of which mine and process ores with significantly higher activity levels than bauxite.
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